A novel hybrid material is reported as support for a recyclable palladium catalyst via surface immobilization of a ligand onto Co-based magnetic nanoparticles (NPs). A standard "click" reaction is utilized to covalently attach a norbornene tag (Nb-tag) to the surface of the carbon coated cobalt NPs. The hybrid magnetic nanoparticles are produced by initiating polymerization of a mixture containing both Nb-tagged ligand (Nb-tagged PPh 3 ) and Nb-tagged carbon coated cobalt NPs. In turn, the norbornene units are suitably functionalized to serve as ligands for metal catalysts. A composite material is thus obtained which furnishes a loading that is one order of magnitude higher than the value obtained previously for the synthesis of functionalized Co/Cnanopowders. This allows for its application as a hybrid support with high local catalyst concentrations, as demonstrated for the immobilization of a highly active and recyclable palladium complex for Suzuki-Miyaura cross-coupling reactions. Due to the explicit magnetic moment of the cobalt-NPs, the overall magnetization of this organic/inorganic framework is significantly higher than of polymer coated iron oxide nanoparticles with comparable metal content, hence, its rapid separation from the reaction mixture and recycling via an external magnetic field is not hampered by the functionalized polymer shell.
Introduction
Interest in magnetic nanomaterials for applications in electronics [1] as well as in medical [2] and chemical [3] research has steadily increased in recent years. Hence, strategies were developed to coin diverse inorganic and organic frameworks with magnetic properties. Groundbreaking studies in the area of catalysis disclosed materials such as silica, carbon or polymers doped with magnetic nanoparticles. [4] In recent years, many reports focused on defined core/shell assemblies based on super-paramagnetic iron oxide nanoparticles (SPION), such as magnetite. [3, 5] Indeed, the lack of magnetic remanence in this material in the absence of an external magnetic field is especially beneficial for the dispersability of the nanomagnets. However, this advantage is accompanied by a relatively low saturation moment of ferrites (M S,bulk ≤ 92 emu g −1 ), which is, compared to bulk, usually by far lower in the nano-sized matter, due to partial surface oxidation, and sometimes further diminished through the need for a protective shell. [6] As a consequence, hybrid materials that rely on iron oxide nanoparticles demand a high metal content, e.g., for effective magnetic separation, thus limiting the fraction of other functional material in the composite and their total load capacity. Nanoparticles derived from pure metals exhibit superior magnetic properties to oxides, but their synthesis had been limited to small scale operations. [7, 8] Recently, Grass et al. [9] reported on a continuous process, in which substantial amounts (> 30 g h −1 ) of carbon coated ferromagnetic nanoparticles are accessible via reducing flame-spray pyrolysis. [10] Despite the comparatively thin graphene layer (1 nm), the intrinsically pyrophoric metal cores exhibit a remarkable thermal and chemical stability [11] and moreover, the carbon layer deposited on the cobalt core has no detrimental effect on the magnetization (158 emu/g). Therefore, Co/C-nanoparticles seem to be a suitable cornerstone for magnetic hybrid materials that ensure high local catalyst loadings. [12] 
Results and Discussion
Ring-opening metathesis polymerization (ROMP)-derived polymers and oligomers have been of great interest as scaffolds for the immobilization of a plethora of reagents, scavengers and catalysts, [13, 14] since the high loadings (e.g., 7 .3 mmol g −1 [13f] ) obtained with such resins have clear benefits. [15] ROMP-derived polymers can be tuned to be soluble in a variety of organic solvents, thus, they enable a fully homogeneous process. Alternatively cross-linking can be utilized to yield ROMPgels with favorable properties when compared to traditional resins. Despite the rate-enhancement achieved in solutionphase chemistry, such scaffolds require an additional solvent for selective precipitation out of the reaction mixture. A second solvent can be an environmental drawback in industrial processes and recycling through precipitation/filtration is not necessarily quantitative. In contrast, Co/C-nanomagnets allow for their simple and rapid separation via magnetic decantation but feature only a very limited loading (0.1 mmol/g). [9] Although a low catalyst loading can be advantageous, e.g. when spatial interactions between chiral catalytic moieties shall be suppressed, [16] it is usually outbalanced by the problems associated with the sheer mass of support necessary.
Synthesis and Characterization of Co/C-ROMPgel
Buchmeiser [17] Grubbs [18] and Whiteside, [19] have demonstrated ring-opening metathesis (ROM) polymerization on silica surfaces, while Buchmeiser and Barrett have also reported ROM polymerization on polystyrene resins. [20] Barrett has demonstrated an increase in load in developing ROMP-spheres, [20] while Roberts has used ROM polymerization on resins to capture Nb-tagged N-hydroxy succinimide in the development of a high-load, resin-immobilized acylation reagent. [21] This complies with the extraordinary stability of the Co/ C-NPs and prevents leaching of the nanoparticles from the polymer branches. ROMPderived oligomers have also been used as surfactants to stabilize maghemite nanoparticles, albeit the magnetization of the resulting composite was not reported. [22] However, the covalent attachment of ROMPgel on magnetic nanoparticles is unprecedented.
In a first step, we utilized a copper(I)-catalyzed alkyne/azide cycloaddition (CuAAC) reaction ("click" reaction) [23] to graft propargylated norbornene derivative 3 onto azide functionalized Co/C-NPs 2 (Scheme 1).
The synthesis of the azide-tagged particles was achieved in a concise two-step reaction based on covalent attachment of diazonium compounds on the graphene layers as described previously. [9a, 24] An azide-loading of 0.1 mmol g −1 was thus obtained as determined by elemental microanalysis. In our strategy, we used the immobilized alkene 3 as a means of loading triphenylphosphine-functionalized norbornenes 6 [25] onto the nanoparticle surface. Briefly, a closed microwave vessel containing alkene modified Co/C-NPs 4 was placed in a tempered (60 °C) ultrasound bath and the nanopowder was dispersed in degassed CH 2 Cl 2 via sonication under an inert atmosphere (argon). A solution of Ru-complex 5 (1.0 equiv. with respect to Co/C-immobilized alkene 4, 2 mol% with respect to PPh 3 -norbornene derivative 6) was added to generate a ruthenium carbene species on the nanoparticle surface by ring-opening metathesis with the norbornene units in 4. ROM polymerization [26] was then carried out by adding 6 under conditions otherwise suitable for the formation of a 50 mer. During the course of the reaction, a voluminous, black gel was formed, leaving only little residual solvent. Assuming that all Co/C-nanoparticles were coated with the available amount of oligomer, one would expect a Co-content of approximately 33% in the resulting hybrid material, a value which was confirmed by elemental microanalysis. TEM images affirmed that the Co/C-particles were embedded in a polymer matrix, thus "diluting" the otherwise densely packed clusters, a characteristic associated with the high magnetic remanence of the metal cores ( Figure 1) . Also, no evidence of cross linking was observed in agreement with earlier studies in which metathesis between an immobilized norbornene derivative and dissolved olefins was carried out. [27] To ensure that the polymer did not only encapsulate the nanomagnets but was covalently attached to the carbon shell, we ran a control experiment utilizing azide-functionalized Co/ C-NPs 2 instead of alkene-modified particles 4. In contrast to the previous observation, no gel was formed and the nanoparticles precipitated after the ROM polymerization while the oligomer remained in solution until precipitated from MeOH. The swelling behavior of the Co/C-ROMPgel was found to be in line with the general properties of ROMPgels, showing a pronounced volume increase in THF and CH 2 Cl 2 whereas solvents such as MeOH or Et 2 O did not provoke a significant effect. [28] The morphology of the composite was clearly distinct from both parent materials as observed in scanning electron micrographs (SEM, Figure 2 ). To this end, the aforementioned ROMP oligomer obtained from polymerization in the presence of azidefunctionalized Co/C-NPs 2 rather than 4 was analyzed next to unmodified Co/Cnanoparticles 1. In addition, the specimen stub was coated with a silver dispersion prior to deposition of Co/C-ROMPgel 7 to prevent the accumulation of static electric charge on the sample and to display its inherent magnetic field (Figure 2,c) . Energy dispersive X-ray (EDX) confirmed the presence of phosphor in the hybrid material (Figure 2,d) . The fraction of phosphor was assessed via elemental microanalysis (3.45%), corresponding to 1.1 mmol g −1 P-loading. Hence, approximately 30% of the hybrid material consists of triphenylphosphine (TPP). The immobilized TPP was expected to coin the nanocomposite with the ability to serve as separable reagent/scavenging agent [30] or ligand, i.e. for the formation of a recyclable palladium complex.
Catalysis with a Co/C-ROMPgel Immobilized Pd-Complex
Several examples of palladium complexes anchored on different magnetic iron oxide nanoparticles have been reported in the past years. [5, 31] However, highly functionalized architectures that relied on stabilized ferrite cores were naturally less susceptible to magnetic separation.
Doping of such matrices with palladium, an objective that is typically achieved by mixing a metal source together with the ligand-functionalized scaffold (Scheme 2), is prone to further diminish the mass magnetization. Figure 3 highlights the magnetization of composite 8, which was measured via vibrating sample magnetometer (VSM) and found to be 34 emu/g, a value consistent with the mass percentage of ferromagnetic cobalt in the sample. This level is comparable to surfactant stabilized SPIONs, however, polymer or silica coated iron oxide NPs, materials, which resemble 8 in terms of durability, exhibit significantly lower magnetization. [6] To examine the catalytic efficacy of Pd-catalyst 8, we subjected it to several consecutive Suzuki-Miyaura cross-coupling reactions [32] of aryl halides with phenylboronic acids (Table 1) , a reaction that has been used as benchmark for palladium nanocatalysts. [33] As it is common in such reactions, iodides were transformed more rapidly than bromides or chlorides, hence, good to very good yields were achieved for a number of phenylboronic acids when iodobenzene was chosen as substrate (entries 1, 3, 4, and 6). To ensure that the immobilized Pd-complex represents the catalytic active species rather than free metal that is dissociated from the polymer bound ligand under reaction conditions (65 °C) and leaching into the homogeneous phase, we designed the following control experiment: A mixture of catalyst 8, sodium carbonate and THF/water mixture at given ratios (Table 1 ) was stirred at the reaction temperature for 2 h. Subsequently, catalyst 8 was retracted with the aid of an external magnet and the hot supernatant was transferred into a new vessel before phenylboronic acid 10 and phenyliodide 9 were added to the solution. After further 2 h of stirring at 65 °C, no conversion of reactants into biphenyl 11 was detected by 1 H NMR. Thus, it appeared that no significant contribution to the efficacy of the catalytic system originated from dissolved palladium-species. In addition, AAS-analysis of the aqueous layer revealed a rather insignificant Pd-content (1.9 ppm). The performance of this novel hybrid catalyst was comparable to results obtained elsewhere with Pd-phosphine-complexes grafted on heterogenous supports comprising e.g. different polymers or nanoparticles. [5, 33, 34] Importantly, catalyst 8 was quantitatively recovered after each reaction and reused in the next run, proving the suitablitiy of the new Co/C-ROMPgel as a high capacity support that can be readily recovered by magnetic separation.
Conclusions
The immanent advantage of Co/C-ROMPgel as a novel hybrid material, e.g. for catalyst immobilization, lies in the combined advantage of high loading ROMP technology and the ease of recycling via magnetic decantation that is provided by the ferromagnetic metal core nanoparticles. The remarkable chemical and thermal stability of the graphene layers surrounding the nanoparticles ranks with the durability of the polymer itself. This composite might be suited as alternative to assemblies that rely on iron oxides as magnetic core material.
Experimental Section General Procedures and Reagents
All air and moisture sensitive reactions were carried out in flame-or oven-dried glassware under argon atmosphere using standard gastight syringes, canellas, and septa. THF, CH 2 Cl 2 and toluene were purified by passage through a Solv-Tek [35] (www.solvtek.com) purification system employing activated Al 2 O 3 and degassed with argon. Flash column chromatography was performed with SiO 2 (Sorbent Technologies 30930M-25, Silica Gel 60Å, 40-63 µm). Thin layer chromatography was performed on silica gel 60F 254 plates. Visualization of TLC spots was effected using KMnO 4 stain. 1 H and 13 C NMR spectra were recorded on a Bruker DRX-400 NMR spectrometer operating at 400 and 100 MHz respectively. The nanoparticles were analyzed by FTIR spectroscopy (1% in KBr using a Tensor 27 Spectrometer, Bruker Optics equipped with a diffuse reflectance accessory, DiffusIR, Pike Technologies), atom absorption spectroscopy (Varian SpectrAA 220FS), elemental microanalysis (LECO CHN-900), transmission electron microscopy (CM30 STPhilips, LaB 6 cathode, operated at 300 kV point resolution ~4 Å), scanning electron microscopy (Hitachi S-2700 equipped with a quartz PCI digital capture) and magnetic hysteresis susceptibility (vibrating sample magnetometer, VSM, Princeton Measurements Corporation, model 3900). The synthesis of carbon coated cobalt nanoparticles 1 and (4-exo-(bicyclo[2.2.1]hept-5-en-2-yl)phenyl)diphenylphosphine 6 has been described elsewhere. [9 , 36] The nanomagnets were azide-functionalized according to literature precedents. [24] All other commercially available compounds were used as received. Second generation Grubbs catalyst 5 was provided by Materia Inc. and used without further purification. Deuterated solvents were purchased from Cambridge Isotope laboratories.
Norbornene-Functionalized Co/C-Nanoparticles 4
The azide-tagged carbon coated cobalt nanobeads 2 (400 mg; 0.1 mmol g −1 azide-loading) were suspended in degassed toluene (3 mL) by the use of an ultrasonic bath (Sonorex RK 255 H-R, Bandelin) before 5-((prop-2-yn-1-yloxy) methyl)bicyclo[2.2.1]hept-2-ene 3 (130 mg, 0.8 mmol), triethylamine (20 µL, 0.12 mmol) and CuI (5 mg, 0.03 mmol) were added. The resulting slurry was sonicated for 48 h at ambient temperature under an argon atmosphere. The nanobeads were recovered from the reaction mixture with the aid of a neodymium based magnet (N48, W-12-N, Webcraft GmbH, side length 12 mm) and washed with toluene (6 × 5 mL). Each washing step consisted of suspending the particles in the solvent, ultrasonication (5 min) and retracting the particles from the solvent by the aid of the magnet. After the last washing step the particles were dried in vacuo to yield 430 mg of 4. IR (ν/cm −1 ): 2928, 2817, 2097, 1693, 1598, 1505, 1404, 1377, 1253, 1214, 1175, 1096, 1013, 824, 71681 ; elemental microanalysis: 13.57% C, 0.69% H, 1.18% N.
PPh 3 -Functionalized Co/C-ROMPgel 7
200 mg of norbornene-functionalized Co/C-nanoparticles 4 were dispersed in CH 2 Cl 2 (2 mL) by sonication in a sealed microwave reaction vessel under argon atmosphere (30 min). A solution of Grubbs II catalyst (17 mg, 0.02 mmol) in CH 2 Cl 2 (1 mL) was injected and the ultrasound bath tempered to 60 °C while sonication of the reaction mixture continued (30 min). (4-exo-(bicyclo[2.2.1]hept-5-en-2-yl)phenyl)diphenylphosphine 6 (353 mg, 1.0 mmol) was added and the dispersion was subjected to sonication at 60 °C for 2 h. Within 50 min the formation of voluminous black gel was observed. After 2 h the reaction was quenched and a single, jelly-like lump was removed from the reaction vessel, crushed and dried in vacuo to yield 490 mg of 7. IR (ν/cm −1 ): 2929, 2859, 1644, 1584, 1475, 1432, 1400, 1303, 1259, 1177, 1089, 1064, 962, 894, 852, 760, 691, 655 ; elemental microanalysis: 55.95% C; 4.59% H, 0.47% N, 3.45% P.
Pd-PPh 3 -Functionalized Co/C-ROMPgel 8
200 mg of PPh 3 -functionalized Co/C-ROMPgel 7 was allowed to swell in CH 2 Cl 2 (2 mL) under sonication at 60 °C under an atmosphere of argon (30 min) before Pd(OAc) 2 (40 mg, 0.18 mmol) was added to the reaction vessel. Sonication was maintained for additional 2 h before the magnetic ROMPgel was isolated from the reaction mixture by the aid of an external magnet and dried in vacuo to yield 212 mg of 8. IR (ν/cm −1 ): 2982, 2360, 2155, 1053, 1033, 1014, 696, 674, 664, 652 ; elemental microanalysis: 49.23% C; 4.06% H; 0.43% N. AAS analysis: 57.3 mg nanoparticles 8 were extracted with 10 ml HNO 3 (conc), the sample was further diluted with water (1:100) and subjected to AAS to reveal a palladium content of 0.48 mmol palladium per gram nanoparticle 8. TEM images of Co/C-nanoparticles 1 (left) and Co/C-ROMPgel 7 (right) at different resolutions; bar size: 100 nm (top) and 20 nm (bottom). SEM images of ROMPgel (a), Co/C-nanoparticles 1 (b), and Co/C-ROMPgel 7 (c); bar size: 2 µm (a), 1 µm (b), and 10 µm (c); EDX-spectrum of 7 (d). [29] Figure 3.
Magnetization curve of Co/C-nanoparticles 1 (left) and Pd@ Co/C-ROMPgel 8 containing 30% 1 (right) obtained by VSM at room temperature. The saturation magnetization of the carbon coated cobalt NPs was close to bulk cobalt (158 emu g −1 ), whereas the hybrid material reached 34 emu g −1 .
Scheme 1.
Functionalization of azide-tagged Co/C-nanoparticles 2 with alkene 3 via copper(I)-catalyzed CuAAC ("click" chemistry) and subsequent ring-opening metathesis polymerization to covalently grafted ROMPgel on the magnetic nanobeads.
